INTRODUCTION
Trans-fatty acids TFAs are unsaturated fatty acids FAs with at least 1 non-conjugated double bond in trans configuration. TFAs originate mainly from industrial hydrogenation of vegetable oils, and are contained in manufactured products, e.g., shortenings, margarines, and breads 1 .
On the other hand, TFAs are also formed naturally during bacterial transformation of unsaturated FAs, which occurs in the rumen of polygastric animals. Therefore, TFAs from ruminants are found in dietary products derived from the animals milk. Many previous human trials have shown that excess TFAs intake 4 6 of total energy increases blood low density lipoprotein LDL -cholesterol CHO concentration and reduces HDL-CHO concentration 2 4 . A number of epidemiological studies conducted in western countries have
In comparison with the many cardiovascular problems caused by TFAs, there is no conclusive evidence of a relationship between dietary fat-induced obesity and TFAs. Atal et al. 12 suggested that high intake of dietary TFAs for more than 15 months reduced body weight gain and epididymal fat pad weight in mice. In contrast, Axen et al. 13 suggested that high-fat diets and intake of high amounts of TFAs increased body weight gain and visceral fat weight in rats. Some reports indicated that digestion and absorption of dietary TFAs occurred in a similar manner compared to other dietary FAs, and TFAs were oxidized to provide similar energy compared to other dietary FAs 14, 15 .
However, the metabolism of essential FAs was suggested to be inhibited by TFA intake 16 . Moreover, it is known that the melting points of TFAs are much higher than those of non-TFAs, which suggests that dietary TFAs would be differently metabolized and more easily accumulated in adipose tissues as fat 13 . However, most studies investigating the relationship between TFAs and obesity did not consider the differences in apparent absorption rates of TFAs from that of cis-FAs in the diet. To clarify the anti-obesity effects of dietary oils, the apparent absorption rate of the dietary oils should be taken into consideration.
In the present study, the apparent absorption rate of TFA-containing oil in the diet was investigated in rats experiment A . Next, in consideration of the apparent gastrointestinal absorption rate of the TFA-containing oil, the effects of dietary TFAs on body weight gain, body fat accumulation, and energy metabolism were investigated in rats experiment B .
EXPERIMENTAL

Preparation of dietary oils
Hydrogenated rapeseed oil HR-35 was purchased from Yokozeki Oil and Fat Industries Co. Ibaraki, Japan and used as the TFA-containing oil test oil . Camellia oil Imamura Oil Mills, Co., Nagasaki, Japan and tristearin Wako Pure Chemical Industries, Ltd., Osaka, Japan were mixed 90:10 w/w and used in the present experiments as control oil. The FA compositions of the control and test oils were determined by gas chromatography in the same manner as reported previously 17 . The FA compositions of the control and test oils are shown in Table 1 .
Animal care and experimental design
All procedures involving rats were approved by the Experimental Animal Care Committee of Kagawa University.
Experiment A
Ten male Wistar rats aged 3 weeks were purchased from Japan SLC Shizuoka, Japan . All rats were housed individually at 22 2 , humidity 50 10 , with lights on from 0800 to 2000 h, and were given free access to water. All rats were fed CE-2 Japan CLEA, Tokyo, Japan for 3 days ad libitum for adaptation, and they were divided according to body weight into 2 dietary groups: the control oilbased diet control group n 5 and the test oil-based diet TFA group n 5 . The compositions of the experimental diets are shown in Table 2 . The rats were fed each diet for 7 days ad libitum. Body weight and food intake were monitored daily. The feces of the rats excreted were collected, freeze-dried, and then powdered by using a food mill MR-280, YAMAZEN Co., Tokyo . The total lipid content in the powdered fecal sample was analyzed using equipment for total lipid extraction Soxtec Avanti 2055, Foss Japan Ltd., Tokyo . The apparent absorption rates of these oils were calculated according to the following formula:
Apparent absorption rate of the oil 100 fecal fat content / dietary fat intake 100 2.2.2 Experiment B Twenty-eight male Wistar rats aged 3 weeks were purchased from Japan SLC. All rats were treated in the same environment as described for experiment A. After the 3-day adaptation period, all rats were divided according to body weight into 2 dietary groups: the control group n 14 and the TFA group n 14 . The rats in each group were fed each diet isoenergetically from 0800 to 0900 h and 2000 to 2100 h for 8 weeks. The total amount of transfat was 72.5 g/kg diet and provided about 14 of energy as fat in the TFA diet.
At 7 and 8 weeks of the experimental period, respiratory quotient RQ , oxygen consumption, and metabolic rate 18 . The rats were placed in a glassware chamber 150 mm internal diameter and 100 mm internal height . Room air was continuously pumped into the chamber through a small hole 10 mm internal diameter at a flow rate of 0.7 L/min. The air was collected in a Douglas bag Fukuda Sangyo, Tokyo for 1 h under pre-and postprandial conditions. Oxygen and carbon dioxide concentrations of the expired air were immediately analyzed using a gas mass analyzer G-102 and LX-710; Iijima Electronics Co. Ltd., Aichi, Japan . The RQ was calculated from the measured values of oxygen consumption and carbon dioxide production. The metabolic rates under both pre-and postprandial conditions were measured as reported previously 19 .
On the final day of the feeding period, half of the rats in each group were killed by decapitation at 0800 h pre-prandial and the remaining rats were sacrificed at 1000 h postprandial . The blood was collected and centrifuged at 1,640 g for 15 min to obtain serum. The serum was stored at 20 until analysis. The liver and intra-abdominal perirenal, epididymal, and mesenteric fat tissues were rapidly removed and weighed, and the livers were then stored at 80 until analysis. The internal organs, all legs, and tails were removed and the remaining parts were defined as carcass and kept at 20 until analysis.
Serum glucose GLU , free fatty acids FFA , triglyceride TG , CHO, and HDL-CHO concentrations were measured enzymatically using commercial kits Wako Pure Chemical Industries, Ltd. . The serum insulin concentration was measured by ELISA using a Rat Insulin ELISA kit Shibayagi Co. Ltd., Gunma, Japan . Total lipids in the liver were extracted by the method of Folch et al. 20 The TG and CHO contents in the liver were measured using Triglyceride G-test and Cholesterol E-test kits Wako Pure Chemical Industries, Ltd. , respectively. The carcass fat was analyzed by the method of Mickelsen and Anderson 21 .
Statistical analysis
In experiment A, all data were expressed as means SD n 5 , and analyzed by Student s t-tests. In experiment B, data regarding body weight, tissue weights, and carcass fat percentage were expressed as means SD n 12 14 , and analyzed by Student s t-tests. All other data were expressed as means SD n 7 , and analyzed by two-way ANOVA and Tukey-Kramer test. A difference of p 0.05 was considered statistically significant. All analyses were performed with a commercially available statistical software package Excel Statistics 2008, Social Survey Research Information Co., Ltd., Tokyo .
RESULTS
Experiment A
Apparent absorption rates of the dietary oils
Body weight, dietary fat intake, fecal dry weight, fecal fat content, fat excretion rate, and apparent absorption rates of the control and test oils are shown in Table 3 . Body weight gain and dietary fat intake were not significantly different between the 2 groups, but the fecal fat content Table 2 Composition of experimental diets. and fat excretion rate were significantly higher in the TFA group than in the control group. The apparent absorption rate of the test oil was significantly lower than that of the control oil.
Experiment B
3.2 RQ, whole-body oxygen consumption, and metabolic rate The RQ, whole-body oxygen consumption, and metabolic rates under pre-and postprandial conditions are shown in Table 4 . There were no significant differences between the control group and TFA group.
3.3 Body weight, food intake, tissue weights, and carcass fat Body weight, food intake, tissue weights, and carcass fat are shown in Table 5 . There were no significant differences in body weight gain between the control group and TFA group. The liver weight was significantly higher in the TFA group than in the control group. There were no significant differences in the weight of other tissues and carcass fat and carcass fat percentage between the two groups.
Serum and liver components
Serum concentrations of GLU, TG, FFA, insulin, total CHO, HDL-CHO, non-HDL-CHO, and the ratio of non-HDL-CHO/HDL-CHO are shown in Table 6 . Serum concentrations of GLU, TG, and insulin were significantly higher, and the serum FFA concentration was significantly lower in the postprandial state. However, there were no significant differences in these serum concentrations between the control group and the TFA group. The concentrations of total CHO, HDL-CHO, and non-HDL-CHO were significantly lower in the TFA group than in the control group in both pre-and postprandial states. On the other hand, the ratio of non-HDL-CHO/HDL-CHO was significantly higher in the TFA group than in the control group. As shown in Table 6,   Table 3 Body weight, food intake, and apparent fat absorption rate (Experiment A). Values are means SD (n 12). The differences among four groups were evaluated using two-way ANOVA and Tukey-Kramer test. A difference of p < 0.05 was considered statistically significant. ns, not significant the hepatic TG contents were significantly higher in the TFA group than the control group, and the hepatic CHO contents were significantly lower in the TFA group than the control group.
DISCUSSION
In this study, we investigated the effects of a test oil rich in TFAs on body fat accumulation and energy metabolism in rats taking into consideration the apparent absorption rate of the dietary oils. Experiment A revealed that the apparent absorption rate of the hydrogenated test oil was significantly lower than that of the control oil. Fecal fat contents and fat excretion rate were significantly higher in the TFA group than in the control group, which indicated that dietary fat absorption was inhibited by dietary TFAs. Sugano and colleagues 22 showed that the apparent absorption rate of dietary trans-fat was significantly lower than that of cis-fat, and that dietary TFAs increased the activity of CHO 7α-hydroxylase, a key enzyme in bile acid synthesis from CHO, and fecal CHO excretion, while the hepatic CHO contents decreased. These finding were consistent with the result of experiment A and the significantly lower hepatic CHO content in experiment B. Experiment B showed mainly that the isoenergetic intake of the test oil did not significantly influence body weight gain, carcass fat percentage, weight of intra-abdominal fat tissues, and metabolic rate. These findings indicate that high-fat diet-induced obesity was not caused by the high dietary intake of TFAs 7 w/w diet . There have been few reports regarding the potential for exacerbation of obesity by high intake of TFAs on the basis of a careful study of TFA absorption rate.
Delany et al. 23 reported that the oxidation rate of ELA was slightly but not significantly higher than that of oleic acid in humans. Atal et al. 12 also demonstrated that the perirenal fat tissue weight and body weight gain were significantly decreased in mice after the chronic consumption of ELA 2.5 w/w diet for 8 months and 15 months, respectively. Crockett and Deuel 24 reported that digestion and absorption rates of hydrogenated fat were remarkably lower than those of non-hydrogenated fat. These reports suggested that hydrogenated fat could suppress diet-induced obesity. In this study, TFAs comprised 35.6 of total dietary FAs, and ELA, not vaccenic acid C18:1 trans-11 , was supposed to constitute the majority accurate figure not known of trans-formed C18:1 FA because industrial hydrogenation of vegetable oils produces ELA rather than vaccenic acid 25 . However, anti-obesity effects of TFAs that contained ELA were not observed in this study for the following reasons. First, considering the previous findings 12 , a longer dietary period more than 8 weeks may be needed to clarify the effects of TFAs on diet-induced obesity. Second, experiment A showed that a significant lower apparent absorption rate of the TFA diet control oil vs. test oil, 96.2 vs. 93.1 , respectively, p 0.001 and isoenergetic dietary feeding of the TFA diet could provide the same energy as the control diet fed to rats in experiment B Table 3 . Oxygen consumption and metabolic rate were not influenced by the TFA diet in the present study, which indicates that high intake of TFAs has little fat-burning effect. Delany et al. 23 reported in detail about the oxidation patterns of ELA and oleic acid. The oxidation peak C max of ELA was delayed by about 30 min compared to that of oleic acid, but ELA was metabolized similarly and the total oxidation rate of ELA was similar to that of oleic acid 23 . In Values are means SD (n 14). The differences were evaluated using Student s t test. A difference of p < 0.05 was considered statistically significant. *p< 0.05, vs Control gtoup 1 Sum of the epididymal, perirenal, and mesentric fat tissues 2 The method of measurement is described in Materials and Methods Table 6 Serum and liver components (Experiment B). GLU, glucose; TG, triglyceride; FFA, free fatty acids; CHO, cholesterol; HDL, high density lipoprotein this study, the postprandial metabolic rate for 1 h was not significantly different between the control group and the TFA group. It was reported that the melting temperature of dietary fat was one of the factors that influence the absorption rate. According to the chemical product information Sigma-Aldrich Co. LLC , the melting point of ELA and oleic acid is 42 44 and 13 14 , respectively. Cockett and Deuel 24 reported that the absorption rate of hydrogenated fat melting at 55 was lower than that of non-hydrogenated fat with lower melting temperature, which is in agreement with the present experiment A, in which the apparent absorption rate of the test oil was significantly lower than that of the control oil. The present findings obtained in experiment B showed that feeding of the TFA diet resulted in lower serum concentrations of total CHO, HDL-CHO, and non-HDL-CHO and a higher serum ratio of non-HDL-CHO/HDL-CHO than feeding of the control diet. The increase in the non-HDL-CHO ratio was consistent with the findings of previous studies 2 4 . However, many reports indicated that the increase in the LDL-CHO or non-HDL-CHO concentration and the decrease in the HDL-CHO concentration caused by the high intake of dietary TFAs were closely related with the development of cardiovascular diseases in humans 8, 10 .
These findings differ from those obtained in the present experiment B. Gatto et al. 26 reported that feeding diets high in TFAs to rat for 4 weeks significantly decreased total CHO and non-HDL-CHO concentrations compared with cis-TFA diets. Sugano et al. 27 also reported that feeding TFAs to rats for 4 weeks significantly decreased the serum total CHO concentration. These finding were consistent with the present findings. Gatto et al. 26 suggested that dietary TFAs had a role in regulating the metabolism of apo B-containing lipoproteins in rats and that the effect might be masked in humans possessing cholesteryl ester transfer protein CETP . Thus, the reasons for the decrease in serum total CHO and HDL-CHO concentrations were not obvious, but they might be influenced by CETP. Hepatic weight and TG content were significantly higher in the TFA group than in the control group, which might be caused by a slightly lower intake of dietary essential FAs, especially linoleic acid C18:2 cis . Deficiency or lack of dietary linoleic acid was reported to increase TG accumulation in rat liver 28 . According to other reports 29, 30 , the minimal recommended intake of dietary linoleic acid and linolenic acid C18:3 to prevent essential FA deficiency is estimated at approximately 1 and 0.1 0.2 of total energy intake, respectively, in adult humans. However, Guesnet et al. 31 suggested that intake of 0.5 linoleic acid of total energy was probably more than sufficient for the growing rat in the presence of 0.5 linolenic acid. Bourre et al. 32 investigated the minimal requirements of linoleic acid in rat, and suggested that low levels of dietary linoleic acid 0.3 of total energy covered the minimal requirement of organs as long as the minimal quantity of linolenic acid 0.4 of total energy was supplied. In the present study, the levels of linoleic and linolenic acids were both 0.4 of total energy, which could meet the minimal requirements of these essential FA shown in Bourre s report 32 . However, the essential FA levels were slightly lower compared to other studies that investigated the effects of dietary TFAs 26, 27 , and further studies investigating the effects of TFAs on fat metabolism are needed on the bases of sufficient amounts of essential FAs in TFA diets.
In conclusion, the test oil rich in TFAs showed a significantly lower absorption rate than the control oil in experiment A. In experiment B, the isoenergetic dietary intake of the test oil for 8 weeks in consideration of the apparent gastrointestinal absorption rate of the test oil did not influence body weight gain, intra-abdominal fat tissue weight, and metabolic rate in rats, but resulted in higher levels of non-HDL-CHO, which may enhance the risk of cardiovascular disease.
